We present the results of detailed monitoring of the radio emission from the Type Ic supernova SN 1994I from 3 days after optical discovery on 1994 March 31 until eight years later at age 2927 days on 2002 April 05. The data were mainly obtained using the Very Large Array at the five wavelengths of λλ1.3, 2.0, 3.6, 6.2, and 21 cm and from the Cambridge 5 km Ryle Telescope at λ2.0 cm. Two additional measurements were obtained at millimeter wavelengths. This data set represents the most complete, multifrequency radio observations ever obtained for a Type Ib/c supernova. The radio emission evolves regularly in both time and frequency and is well described by established SN emission/absorption models. It is the first radio supernova with sufficient data to show that it is clearly dominated by the effects of synchrotron self-absorption at early times. SN 1970G, by Gottesman et al. 1972 Goss et al. 1973 but the Westerbork telescope was unable to cleanly separate its radio emission from a nearby HII region) and the monitoring of its radio light curves at multiple radio frequencies for many years thereafter (Montes et al. 2000) . The radio detection and monitoring of SN 1980K quickly followed Montes et al. 1998) . However, both objects were optically identified as Type II SNe. At that time, little was known about the radio emission from SNe and the statistics with only two objects were very poor. However, the radio detection of SN 1983N (Sramek, Panagia, & Weiler 1984, also labelled SN 1983.51 by those authors), SN 1984L (Panagia et al. 1986), and SN 1990B (van Dyk et al. 1993) appeared to establish radio detections of Type I SNe. Around that time, Panagia et al. (1986) proposed that, from their optical spectra, Type I SNe are not a homogeneous class but split into at least two sub-classes. The appearance of SN 1994I, the subject of this paper, finally yielded a bright, nearby object for detailed study of a "radio loud" Type I supernova.
1. Introduction
Background
By 1941 Minkowski (1941) had recognized at least two classes of SNe -Type I with no hydrogen in their optical spectra and Type II with hydrogen lines in their optical spectra. By 1980 radio observations of supernovae began to play a role with the clear detection of SN 1979C (Weiler & Sramek 1980 ) (there had been only one earlier detected radio supernova (RSN), SN 1970G, by Gottesman et al. 1972; Goss et al. 1973 but the Westerbork telescope was unable to cleanly separate its radio emission from a nearby HII region) and the monitoring of its radio light curves at multiple radio frequencies for many years thereafter (Montes et al. 2000) . The radio detection and monitoring of SN 1980K quickly followed Montes et al. 1998) . However, both objects were optically identified as Type II SNe. At that time, little was known about the radio emission from SNe and the statistics with only two objects were very poor. However, the radio detection of SN 1983N (Sramek, Panagia, & Weiler 1984 , also labelled SN 1983 .51 by those authors), SN 1984L ), and SN 1990B (van Dyk et al. 1993 ) appeared to establish radio detections of Type I SNe. Around that time, Panagia et al. (1986) proposed that, from their optical spectra, Type I SNe are not a homogeneous class but split into at least two sub-classes. The appearance of SN 1994I, the subject of this paper, finally yielded a bright, nearby object for detailed study of a "radio loud" Type I supernova.
Currently, our understanding of the classes of SNe is such that the category of Type I supernovae is clearly bifurcated. One now speaks of Type Ia SNe (which still have never been detected in the radio, see Panagia et al. 2006) as originating in the deflagration of small stars, such as accreting or merging white dwarfs or black holes, and Type Ib/c and Type II (of which there are also numerous subclasses) SNe as originating in the core collapse of massive stars with a ZAMS masses of > 8 M ⊙ .
Particularly since the discovery of an association of SN 1998bw with GRB 980425 , the study of Type Ib/c SNe has greatly increased (as explained below, the optical spectroscopic differences between Type Ib and Type Ic SNe are so slight that we treat them as a single class). However, further work has found that most Type Ib/c SNe (≥97%) are not associated with detectable GRBs (Berger et al. 2003a; Soderberg et al. 2006) .
Even with the enhanced study of Type Ib/c SNe since SN 1998bw, most are still relatively poorly sampled in the radio (see, e.g., Berger et al. 2003b; Soderberg et al. 2004 Soderberg et al. , 2005 Soderberg et al. , 2010 and, even at the present time, no Type Ib/c SN has been as thoroughly studied in the radio as SN 1994I presented in this paper.
SN 1994I
SN 1994I in M 51 (NGC 5194) was discovered at magnitude V = 13. m 5 on 1994 April 2.17 UT (Puckett & Armstrong 1994) with independent discoveries by other observers following quickly (see IAUC 5961). confirmed the discovery as a supernova (SN) and noted it as being "very blue." Armus & Mazzarella (1994) obtained moderate-dispersion spectra and noted "broad undulations superimposed on a generally featureless continuum."
Initial confusion arose as to the type identification of the SN with first (incorrectly) identifying it as a Type II SN based on unreduced spectra taken by J. Peters and G. Bernstein during 1994 April 3.37-3.52 UT. The spectra, however, did suggest the SN location in NGC 5194 (M51) by identifying strong Na D lines at the recession velocity of the galaxy. By 1994 April 4.4 UT, Filippenko, Matheson, & Barth (1994) suggested from new spectra that SN 1994I was a Type Ib SN. However, they noted the "possible presence of weak H α " and suggested that, although the presence of hydrogen would "technically make it a Type IIb," the steep drop of the continuum toward the blue and near-ultraviolet was more consistent with a Type Ib identification, as were other aspects of the spectrum. Finally, Schmidt, Challis, & Kirshner (1994) confirmed that SN 1994I
was not a Type II SN and Phillips (1994) pointed out the spectral similarities to the Type Ic SN 1983V. The Type Ic identification was also confirmed by Clocchiatti, et al. (1994) .
(Note: Because the spectral differences between the SN Type Ib and Type Ic optical classes are slight -Type Ib show strong He I absorption while Type Ic show weaker He I absorption -and there are no obvious radio differences, we shall hereafter refer to Type Ib/c SNe as one class.) Richmond (1994) discovered a red star near the SN position on HST PC images from 1992 which he suggested as a possible progenitor to the SN, although his suggestion is disputed by Kirshner (1994) .
Already on 1994 April 3.17 UT, Rupen et al. (1994) detected radio emission at the position of SN 1994I with the VLA 1 at both λ1.3 cm (22.4 GHz) and λ3.6 cm (8.4 GHz). Rudy & Dotan (1994) in the J, H, and 2.00-2.32 µm
windows. An unabsorbed soft X-ray luminosity upper limit of < 1.5 × 10 38 erg s −1 for a distance to M51 of 7.7 Mpc was reported by Lewin, Zimmermann, & Pietsch (1994) from the ROSAT satellite for 1994 May 22 and subsequent X-ray studies yielded the detection of SN 1994I with ROSAT at 82 days after explosion with (1.82 ± 4.2) × 10 Immler et al. 1998) . The CHANDRA X-ray Facility at 2271 and 2639 days after explosion reported (1.4 ± 0.7) × 10 37 erg s −1 and (1.2 ± 0.5) × 10 37 erg s −1 , respectively (Immler, Wilson, & Terashima 2002) . Immler, Wilson, & Terashima (2002) determined a best-fit X-ray rate of decline proportional to t −1 and a circumstellar medium (CSM) density -8 -at λλ1.3 cm (22.5 GHz), 2 cm (14.9 GHz), 3.6 cm (8.4 GHz), 6 cm (4.9 GHz), and 20 cm (1.4 GHz) then continued until the end of 1994 with sporadic measurements thereafter. Pooley & Green (1994) also monitored the SN extensively at 2 cm (15.2 GHz) with the Ryle Telescope. These data are listed in Table 1 . Two additional observations were taken with the Caltech OVRO millimeter interferometer at 3 mm (99 GHz) and at 1.4 mm (218 GHz) (Phillips, Chandler, & Rupen 1994) . These are listed in Table 2 .
Radio Observations

Flux density measurements
The VLA radio observations reported here were made between 1994 April 03 and 2002
April 05. VLA phase and flux density calibration and data reduction followed standard procedures (see, e.g., Weiler et al. 1986 Weiler et al. , 1990 , using 3C 286 as the primary flux density calibrator and J1418+546 as the secondary flux density and phase calibrator. As noted in the footnotes to Tables 1 and 2 and plotted in Figure 1 with the filled squares representing actual detections and inverted open triangles representing 3σ upper limits. Also shown in Figure 1 are the best fit model curves discussed below in Section 3 and Section 4 with the set of parameters reported in Table 4 .
The flux density measurement error given for the VLA measurements in Table 1 is a combination of the rms map error, which measures the contribution of small unresolved fluctuations in the background emission and random map fluctuations due to receiver noise, and a basic fractional error ǫ included to account for the normal inaccuracy of VLA flux density calibration and possible deviations of the primary calibrator from an absolute flux density scale. These final errors (σ f ) are taken as
where S 0 is the measured flux density, σ 0 is the map rms for each observation, and ǫ = 0.10 for 20 cm, ǫ = 0.05 for 6 and 3.6 cm, ǫ = 0.075 for 2 cm, and ǫ = 0.10 for 1.2 cm. For all of the Cambridge measurements at 2 cm, ǫ = 0.10 was assumed.
Spectral indices
With such extensive data, we can also calculate the spectral index evolution for SN 1994I and these are shown in Figure 2 for four pairs of bands (1.2-2 cm, 2-3.6 cm, 3.6-6 cm, and 6-20 cm). The parameters listed in Table 4 from the best fit light curves allow calculation of the model spectral index evolution curves and these are also shown in Figure   2 . At the earliest times, the observed spectral indices exceed the maximum value spectral index (α = 2.5) possible for a purely synchrotron self-absorption source, suggesting that at least some thermal absorption is present in SN 1994I.
The overall model fits to the spectral index evolution are quite good, with the only exception being the model 1.2-2 cm spectral index at early times, which is systematically higher than the observed values. This deviation, which was found also for the case of SN 1993J , suggests that, at the highest frequencies, the intrinsic radio spectrum has a somewhat flatter spectral index than the best fit value determined by the longer wavelength data.
Brightness temperature
This extensive data set can also be used to estimate the intrinsic brightness temperature of the SN 1994I radio emission which can be derived from the ratio of the observed radio flux density to the solid angle Ω of the emitting region (T B ∝ S obs /Ω).
Since SN 1994I was not radio bright enough, it was not possible to directly measure its angular size by means of VLBI observations, as had been possible for SN 1993J (see, e.g., Marcaide et al. 2009 , and references therein), but the physical size of the SN shock can be estimated from the optically measured expansion velocity and distance to the SN. For SN 1994I, published expansion velocities at early times range between ∼16,500 km s −1 (Filippenko et al. 1995; Millard et al. 1999 ) from the absorption troughs of He I λ 10830, through ∼20,000 km s −1 (Millard et al. 1999) as seen for Si II, up to almost 30,000 km s −1 that is the extent measured by Filippenko et al. (1995) for the blue wing of the He I λ 10830 absorption line. We shall adopt a compromise expansion velocity of 20,000 km s −1 and, following Immler, Wilson, & Terashima (2002) , we shall assume that it is constant with time. Therefore, the radius r of the emitting region can be estimated as:
which, for an adopted distance D to SN 1994I of 8.9 Mpc, gives an angular size of
and an estimated brightness temperature of
The resulting brightness temperature evolution is shown in Figure 3 (left). The corresponding brightness temperature evolution curves for SN 1993J from Weiler et al. (2007) are also shown in Figure 3 (right).
From these brightness temperature estimates, we can constrain the value of external absorption due to a presupernova stellar wind by requiring that T B not exceed the limit of ∼ 3 × 10 11 K (Kellermann & Pauliny-Toth 1969; Readhead 1994) where the radio emission is quenched by inverse-Compton scattering. This implies that any value of K 2 (see Section 3.1) higher than ∼ 30 would yield T B curves in strong disagreement with such a physical requirement and puts an upper limit on the amount of external thermal absorption by a presupernova mass-loss in a dense stellar wind.
3. Radio supernova models 3.1. Parameterized model Weiler et al. (1986) discuss the common properties of radio SNe (RSNe), including non-thermal synchrotron emission with high brightness temperature, turn-on delay at longer wavelengths, power-law decline with index β after maximum, and spectral index α (S ∝ ν +α ) asymptotically decreasing to an optically thin value. Weiler et al. (1986 Weiler et al. ( , 1990 have shown that the "mini-shell" model of Chevalier (1982a,b) , with modifications by Weiler et al. (1990) , adequately describes previously known RSNe. In this model, the relativistic electrons and enhanced magnetic fields necessary for synchrotron emission are generated by the SN shock interacting with a relatively high-density circumstellar envelope which has been ionized and heated by the initial UV/X-ray flash. Figure 4 (taken from Weiler et al. (2002) ) shows a, not to scale, greatly simplified cartoon of the vicinity of a supernova explosion. This dense cocoon is presumed to have been established by a constant mass-loss (Ṁ ) rate, constant velocity (w) wind (i. e., ρ CSM ∝ r −2 ) from a massive ( > 8 M ⊙ ) stellar progenitor or companion. This ionized CSM can also be the source of initial thermal absorption (Free-Free Absorption, FFA) although Chevalier (1998) has suggested that non-thermal, synchrotron self-absorption (SSA) may be a significant source of absorption in the early phases of some RSNe. For the case of FFA, the rapid rise in radio flux density results from the shock overtaking progressively more of the wind matter, leaving less of it along the line-of-sight to the observer to absorb the more slowly decreasing synchrotron emission from the shock region. In the case of SSA, the non-thermal absorption decreases as the emitting region expands and decreases in density. Montes, Weiler, and Panagia (1997) also allow for the possibility of intervening HII along the line-of-sight to the RSN, providing a constant thermal absorption of the radio emission.
To parameterize the basic characteristics of radio supernovae, we adopt the most recent RSN discussion of Weiler et al. (2002) and Sramek & Weiler (2003) 2 and illustrate the regions of the supernova being parameterized in a cartoon shown in Figure 4 from, e.g., Weiler et al. (2002) :
with
where
with K 1 , K 2 , K 3 , and K 4 determined from fits to the data and corresponding, formally, to the flux density (K 1 ), homogeneous (K 2 , K 4 ), and clumpy or filamentary (K 3 ) FFA at 5 GHz one day after the explosion date t 0 . The terms τ CSM homogeneous and τ CSM clumps describe the attenuation due to local, homogeneous FFA CSM and clumpy or filamentary FFA CSM, respectively, that are near enough to the SN progenitor that they are altered by the rapidly expanding SN blastwave. The τ CSM homogeneous FFA is produced by an ionized medium that completely covers the emitting source ("homogeneous external absorption"), and the
term describes the attenuation produced by an inhomogeneous FFA medium ("clumpy absorption"; see Natta & Panagia 1984 , for a more detailed discussion of attenuation in inhomogeneous media). The τ distant term describes the attenuation produced by a homogeneous FFA medium which completely covers the source but is so far from the SN progenitor that it is not affected by the expanding SN blastwave and is consequently constant in time. All external and clumpy absorbing media are assumed to be purely thermal, singly ionized gas which absorbs via FFA with frequency dependence ν −2.1 in the radio. The parameters δ and δ ′ describe the time dependence of the optical depths for the local homogeneous and clumpy or filamentary media, respectively.
Since it is physically realistic and is needed in some RSNe where radio observations have been obtained at early times and high frequencies, Equation 5 also includes the possibility for an internal absorption term 3 . This internal absorption (τ internal ) term may consist of two parts -synchrotron self-absorption (SSA; τ internal SSA ), and thermal FFA (τ internal FFA ) due to ionized gas mixed with non-thermal emission.
with K 5 corresponding, formally, to the internal, non-thermal (ν α−2.5 ) SSA and K 6 , corresponding, formally, to the internal thermal (ν −2.1 ) FFA mixed with non-thermal emission, at 5 GHz one day after the explosion date t 0 . The parameters δ ′′ and δ ′′′ describe the time dependence of the optical depths for the SSA and FFA internal absorption components, respectively.
Application of this basic parameterization has been shown to be effective in describing the physical characteristics of the presupernova system, its CSM, and its final stages of evolution before explosion for objects ranging from the two decades of monitoring the complex radio emission from SN 1979C (Montes et al. 2000) , through the unusual SN 1998bw (GRB980425) (Weiler et al. 2001b) , to most recent γ-ray bursters/Type Ib/c
SNe (Weiler et al. 2002; Weiler, Panagia, & Montes 2003) .
4. Discussion
Application of models to SN 1994I
As was clearly demonstrated by Weiler et al (2007) for the case of SN 1993J, in order to obtain a meaningful representation of radio observations of a supernova, a model must be able to account simultaneously for three different aspects, namely: (a) the light curves measured at several epochs and in several distinct radio bands, (b) the corresponding spectral indices computed for pairs of bands at adjacent frequencies, and (c) the brightness temperatures, which at all times should be lower than the well established limit of 3 × 10 11 K (Kellermann & Pauliny-Toth 1969 , Readhead 1994 ).
SN 1994I radio light curves
We have excellent time coverage of the radio emission from SN 1994I at 5 frequencies, from 22 GHz down to 1.4 GHz. That enables us to make a detailed study of its radio properties. In particular, the rising branch of the light curve at early times, where absorption (τ >> 1) is still important, is well defined in all five main bands. Also, the flux density evolution is well characterized by a power law decay at late times, in the optically thin phases. Therefore, we are in an excellent position to identify the main processes operating in this source and determine their parameters. Actually, the best fit curves as described by the parameters in Table 4 and shown in Figure 1 agree quite well with the observations, with an overall χ 2 = 4.42 per degree of freedom.
From this rather good parameterization of the radio emission from SN 1994I, we conclude that the radio light curves are not well described by a purely thermal absorption model such as that given by Equations 5 to 9. In particular, the requirement for non-zero K 5 and K 6 parameter values implies the existence of significant synchrotron self-absorption (SSA). In fact, the early optical depth is dominated almost entirely by the SSA (K 5 ) component and the FFA component (K 6 ) makes a significant contribution only as the emission becomes more optically thin and the brightness temperature begins to drop. As predicted by Chevalier (1998) there does not appear to be a highly-structured, thick-CSM present since there is no need for a large K 2 or non-zero K 3 term. The necessity of a K 4 term (i.e., thermal absorption by foreground HII gas; see Section 4.5) is consistent with recent deep 20 cm observations that indicate diffuse radio emission from the host galaxy in the region near the supernova (Maddox et al. 2007) . Further evidence for substantial amounts of HII gas is provided by the Hα emission detected on HST images of the immediate vicinity of SN 1994I (Maddox 2006; Maddox et al. 2007) .
It is interesting to note that SN 1994I shows a dip around day 27 in its flux density at centimeter wavelengths (frequencies from 4.9 GHz to 22 GHz). While less pronounced than that noted for the unusual Type Ib/c SN 1998bw, which is related to the γ-ray burster GRB 980425, it occurs on a similar time scale (see Kulkarni et al. 1998, and http://www.narrabri.atnf.csiro.au/public/grb/grb980425/) . This early "dip" followed by "re-brightening" for SN 1998bw has variously been explained as due to a slowing and re-energization of the SN blast wave (Li and Chevalier 1999) or, more likely, as structure in the circumstellar absorbing material (Weiler et al. 2001a,b) .
Considering the light curves shown in Figure 1 in more detail, even though the fitted model provides a good representation the agreement is never quite perfect, mostly because the model is rather simplified and also because there may be systematic deviations from our basic assumptions. In order to analyze the residuals between the model and the observations, we express them as logarithms of the ratios of observed to model fluxes and plot them in Figure 5 (left). A similar analysis helped us in other RSNe to reveal unsuspected features such as a periodic flux modulation for SN 1979C (Weiler, et al. 1992; Schwarz & Pringle 1996) possibly due to the presence of a companion, as well as evidence for interacting winds in SN 1998bw (Weiler et al. 2001b ) and SN 2001ig (Ryder et al. 2004 ).
The residuals for SN 1994I are displayed separately for individual bands in Figure 5 (left), and merged in a single plot in Figure 5 (right). As expected, they show scatter inherent to non-negligible measurement errors and to a simplified description of a complicated phenomenon. However, a systematic feature is apparent, essentially with the same timing and comparable amplitudes, at all bands. In particular, in Figure 5 (right)
we can see a somewhat broad trough, with an apparent local minimum, which is about 0.2 deep in the logarithm and occurring ∼ 27 days after explosion. This trough extends from ∼ 10 up to ∼ 55 days after explosion. Since this local minimum is present at all frequencies with similar amplitude, it must represent a genuine decrease in the intrinsic emission rather than being the result of additional, temporary absorption along the line of sight. In a spherically symmetric model it would correspond to a temporary decrease of the average density of the CSM by ∼ 0.1 in the logarithm of the ratio, or a factor of ∼ 0.8 decrease in the CSM density, with a duration of ∼ 45 days.
Although a temporary decrease in the mass-loss rate from the presupernova star cannot be ruled out, we feel it worthwhile to also consider a model in which the SN 1994I
progenitor was a Wolf-Rayet (WR) star in a wide binary system whose companion was also an early type star (most likely a B-type star on the main sequence). Such a binary system could create non-spherical CSM density structures by the interacting winds of the system stars (see, e.g., Schwarz & Pringle 1996) . If such were the case, for SN 1994I the observed minimum in the residuals would correspond to a separation between the two stars of ∼ 4.7 × 10 15 cm or ∼ 310 AU [see also SN 1979C (Weiler, et al. 1992; Schwarz & Pringle 1996) where the radio emission modulation is possibly due to the presence of a companion, as well as evidence for interacting winds in SN 1998bw (Weiler et al. 2001b ) and SN 2001ig (Ryder et al. 2004) ].
SN 1994I spectral index evolution
Examination of the spectral index evolution in Figure 2 shows three things: 1) The model listed in Table 4 generally describes the spectral index evolution quite well except at at 1.2-2 cm. Apparently, at higher frequencies the model is beginning to fail, 2) The spectral index evolution, particularly at the first part at 3.6-6 cm, requires some (small) amount of thermal absorption since synchrotron self-absorption (SSA) can never generate a spectral index exceeding +2.5 ; and 3) There is no evidence for systematic spectral index change of the emission within the available observations. While short term fluctuations of the spectral index cannot be ruled out, none appear to occur at the same epoch at all frequencies. Figure 3 shows the estimated brightness temperatures for each frequency versus time for SNe 1994I (left) and for 1993J (right; from Weiler et al. 2007) . While the precise temperature measurements depend on the distance used and the assumed (or, for SN 1993J, measured) shock wave speed, it is clear that the two plots have a systematic difference at early times. In the case of SN 1994I, the temperatures for each frequency appear to remain approximately constant near the maximum possible value of 3 × 10 11 K (see Section 2.3 until the source becomes optically thin. However, the measured brightness temperatures for SN 1993J at the earliest times increase for each frequency until the emission becomes optically thin. This is evidence that the dominant absorption mechanism is different between these two SNe, with the primary absorption mechanism for SN 1993J not directly related to the emission mechanism (i.e., external thermal electrons), while the primary absorption mechanism for SN 1994I is physically associated with the emission mechanism (i.e., synchrotron electrons). This simple comparison makes it clear that SSA is dominant in SN 1994I at early times while, as demonstrated by Weiler et al. (2007) , SN 1993J requires significant contributions to the early absorption from both FFA and SSA. Thus, SN 1994I is the first observed radio supernova (RSN) to clearly demonstrate the need for a SSA dominated component to model its radio light curves.
Brightness temperature
External distant absorption
The parameter K 4 (see Section 3.1) is interpreted as being due to a constant amount of ionized material between us and SN 1994I that is sufficiently far from the SN to be unaffected by the expanding shock wave. It is related to the emission measure (EM) of this intervening ionized hydrogen by Equation (1-223) of Lang (1986) 
where T e is the electron temperature of the ionized absorbing medium. Thus, the value for Table 4 implies a presence along the line of sight to SN 1994I of ionized hydrogen with an emission measure of EM ≃ 4.1 × 10 6 (T e /10 4 K) 1.35 pc cm −6 .
Similar to the case of SN 1978K (Montes, Weiler, and Panagia 1997; Chu et al. 1999) this thermal absorption is likely to be due to an intervening H II region and not part of the matter from the presupernova mass-loss wind. Most HII regions with an emission measure higher than ∼ 10 6 pc cm −6 are known to be rather compact sources (see, e.g., Wilson et al. 1970; Reifenstein et al. 1970) ; for example, the Orion Nebula has an average emission measure of 1.8 × 10 6 pc cm −6 and a diameter of ∼ 2 pc ). If we adopt a similar diameter of ∼ 2 pc for this HII region presumed to be along the line-of-sight to SN 1994I, we derive an average electron density of 2 × 10 3 pc cm −6 and a total mass of the ionized In order not to make the projection of such a powerful cluster in front of SN 1994I too geometrically improbable, the cluster should be spatially close to the supernova itself; say, separated by no more than ∼ 3 pc, which would give a probability of chance projection of ∼ 3%. This then implies that the progenitor of SN 1994I may have been a member of that cluster and, by association, was a massive star.
Pre-supernova mass-loss rate
The best-fit value for the parameter K 2 (see Section 3.1) is related to the density of a presupernova stellar wind. If the density distribution in the circumstellar material (CSM) around SN 1994I is proportional to r −2 , as appropriate for a constant mass-loss rate, constant velocity progenitor wind confirmed by Immler, Wilson, & Terashima (2002) , our measurement of K 2 = 30 in Table 4 corresponds to a CSM external thermal absorption as a function of time of:
Assuming for the moment that the progenitor star for SN 1994I was a red supergiant (RSG), inserting Equation (14) into equation (16) of Weiler et al. (1986) , adopting an electron temperature of T e = 20,000 K for the absorbing CSM gas, and assuming a wind velocity for this suggested red supergiant progenitor of w = 10 km s −1 , we obtain a mass loss rate of: Clumping of the CSM (or a systematic deviation from spherical symmetry) might provide a simple explanation for this apparent discrepancy if most of the ionized gas is present in the form of large, isolated structures. In such a case, the mass-loss rate derived from the X-ray emission, which is integrated over the whole CSM, would be much higher than that estimated from the radio absorption, because the latter arises only from the material along the line of sight which may not intercept any dense clumps in the CSM.
Indeed, in deriving theirṀ estimate Immler, Wilson, & Terashima (2002) assumed that the CSM was both uniform and spherically symmetric. If such appreciable clumping is present, the average density of the emitting material could be grossly underestimated for radio measurements of absorption along the line-of-sight by a factor equal to the square root of the clumping factor. The X-ray estimated mass-loss rate (proportional to the ratio of the X-ray luminosity to the average density) would then be overestimated by the same factor. Conversely, the radio absorption-based estimate would provide only a lower limit to the true mass-loss rate. Thus, with a suitable selection of the clumping factor such a large difference between the radio and X-ray estimates could be accounted for without abandoning the RSG progenitor assumption. For example, if we take a "compromise" value of Ṁ (radio) ×Ṁ (X ray) ≃ 1.4 × 10 −6 (w/10 km s
to be appropriate for SN 1994I progenitor's wind, the clumping factor would be ∼ 40 and the fraction of mass in the diffuse component ∼ 15%.
On the other hand, if the progenitor of SN 1994I was not a RSG star but a Wolf-Rayet (WR) star, as has been suggested for Type Ib/c SNe by many authors (see, e.g., van den Bergh 1988; Gal-Yam et al. 2007; Smartt 2009 , and references therein), the WR progenitor would have a much higher wind speed (> 10 3 km s −1 ; see, e.g., Willis 1996), as opposed to ∼ 10 km s −1 for a RSG star. Thus, a WR progenitor would revise the above estimate of the presupernova mass-loss rate from Equation 16 upwards tȯ
, a mass-loss rate that is quite possible for a WR star towards the end of its evolution (see, e.g., Willis 1996).
Conclusions
We present detailed radio observations of SN 1994I at multiple wavelengths from a few days to more than 8 years after explosion. Although there have been many radio observations of Type Ib/c supernovae since SN 1994I, SN 1994I remains the best studied and most heavily sampled example of the class. Also, even though observations since those of SN 1994I have indicated that synchrotron self-absorption can play a role in the early radio light curves of supernovae that have relatively low density circumstellar matter, such
as Type Ib/c and Type IIb, SN 1994I was the first example that was so well sampled early enough that such a conclusion was inescapable. Also, as seen in other RSNe (see Section 4.2) this low density circumstellar thermal material in SN 1994I may be irregularly distributed as discussed in Section 4.6.
As with previous detailed observations of the radio emission from supernovae, there is no sign of systematic spectral index evolution with time. However, a changing spectral index with frequency, rather than with time, is a distinct possibility, with the highest observed frequencies perhaps indicating a somewhat flatter spectral index.
As has been noted in the few other radio supernovae which have been sufficiently well studied, the radio light curves, even though their general properties evolve smoothly and are well described by existing models, show significant "bumps and wiggles." SN 1994I shows a significant local "dip" between ∼ 10 to ∼ 55 days after explosion that is interpreted as a temporary decrease in the average density of the circumstellar medium, perhaps implying the origin of SN 1994I in an exploding Wolf-Rayet star in a wide binary system with an early-type stellar companion, although changing mass-loss rate from the progenitor star cannot be ruled out.
The usual scenario for core-collapse (Type Ib/c and Type II) supernovae is that the progenitor was a red supergiant. However, based on the information available from these new observations, it appears that a Wolf-Rayet star undergoing a period of very high mass-loss rate is the most likely progenitor star for SN 1994I.
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